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Recentarcheological investigations of the civil war submariig&. Hunleyhave changed our understanding of how
the vessel conducted its final attack on th8.S. Housatonidreviously, the submarine was thought to have used a
standoffcharge against its target, but it is now clear that the charge lwdtedto the end of a short spar projecting
from the submarine. This means that the submarine would have been in close proximgyveapon when it
exploded A multipartinvestigation is being conducted with the goal of determiifitigs reducedstandofidistance
could explain the mysterious loss of the vessel in the minutes or hours after the ldéi@gihe results of dottom

up naval architectual analysisand numerical simulations of the final attack weapon effegeported. Together,
theresultsprovide ew i nsi ght t o chamaeterigtiesprepelsiananddynhamic llodding epvironment
during the attack Additionally, adiscussionof possible loss scenarios, informed by both calculation results and
inspections ofv e s s e |, & presénted While the story of what happened ltbL. Hunleythat night remains
shrouded in mystery after this work, severgbpartant new research questions emerge.
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INTRODUCTION

On February 17, 1864, tHeumanpoweredConfederatesubmarineH.L. Hunleyattacked the 8SHousatonic a Federalsloop-of-war
participating in the blockade of Charleston, South Carolina. The explosion resulting flom| ®rpeiie sank the 1240n ship in a
matter of minutesand securedHunleyd s p | history asithe first submarine tink an enemy combatant. Althougtls attackon
USSHousatonicwas successful, tremubmarine and all hands wéost at sedn unknown circumstance3he lack of clear evidence as

to what occurred télunleyduring and immediately after thisgendaryattackhas led to various theories about the sequence of events
during and after the attacklowever, the exact cause of the los#lohleyremairs a mysteryThis work uses both conventional naval
architecture and higfidelity weapon effects simulations in agffort to shed light on the loss of the submarine. While these
calculations continue to be refined as more evidence is uncovered, the effodrgims toprovide the community with an update on
the progress so far and the new research questions raigba lvork.

H.L. Hunley, seen inFigure 1, was the third in a series of three submarines developed by-hocgroup of private citizemventors

and wasnamed afteiits sponsorand codesignerHorace Lawson Hunley, The first two submarines of this serie®joneerand
American Diveysaw useas test vehicles but dieihgage in combafThe final submarinelunley, incorporated all of the lessons from
the previous two designendwas surprisingly refined in its digs. A crew of eight operated the vesdeseven crew members used
their arms to turn a large central crankshaft that rotated a propeller at the stern of the vessgitdihef the vessebktationed in the
forward hatchtower, was responsible for opdiag the ballast valves, primitive dive plesy and a conventional ruddeunleyd s
original operational concept was to dive under a target vessel and attack using a towed mine. However, utilizihg adpasrtorpe
explosive charge affixed to a long sathe bow of the vessel, was a deemed to be a more reliable attack n&tpdte(ison 2016).

Hunley, fabricated in Mobile, Alabama, arrived in Charleston, South Carolina not long after its fabrication to assist with bneaking
Union blockade.Operatioral testing saw both success and tragedy with two sepdeddly sinking incidents bulso several
successful test missionén initial attempt at attacking the Union flaetand around Charleston was unsuccesgfigsibly owing to
poor weather



Figure 1. H.L. Hunleysubmarine at the Warren Lasch Conservation Center, Charleston, SC.

On February17", Hunleyleft at sunsefrom its dock for its final missiomo attack the naval blockade of Charleston Harbmidst

calm seashaving selected the anchorétsSHousatonicas its targetHunley approachedLookouts on Housatonicspotted the
submarinein close proximity to thevessel ak040and,determiningthat Hunleywas a threatthe crewopenedfire with small arms.
Although Housatonicattempted to escape, havistpped itsanchorchain it wasunable to get underway in timat roughly21:00,
Hunleymanaged to drivéés charge intoHousatonicjust aft ofthe mizzenmasbf the vesseas illustrated irFigure2. The resulting
explosion was catastrophic to the wooden vesselHousatonicsankto the bottomwithin minutes. Due to he shallowwater
resulting in Housatoni® s mast s and rigging remai nieddo freebdeathe Huwlaytwasrsemi c a u
submersedduring the attack the crewhad ordersnot to dive because of the inherent risks in doing As such, the attack
configuration very much r es e mbl-sudmersifieaDavid beaes diteHynleyrdtamingGte fallf e d ¢
capacity to submerge (Littlefield, 2015For further details on the attack configuration, see Scafuri £0dl4)

What happened next tdunleyis a mystery The vesseldid not return to its dock as expected and thdaoof its loss was not clear.
Asnone of the crew survived the final mission, the vessignel 6 s
remain unknown. Fortunately, in 1995, marine explorers locatéd n | ergc& eff the cast of Charlestombout 1000 feet further

out to sea from the known wreck O6S Housatoniavith both roughly aligned with the prevailing tidal curreat,shown irFigure3.
Murphy et al. (1999) and Conlin et §2005) give comprehensive overviews of thesitu examination of both wrecksn 200Q the
submarine was raised from the de#ttom and moved to a specially prepared tank facility at the Warren Lasch Conservation Cente
(WLCC) in North Charleston, SC.8ie arriving at WLCCHunleyhas undergone an exens&ehaeological and conservation effort
that has yielding numerous findings and provided insight in

x

Figure 2. Approximate attek configuration Credit: Michael Scafuri, Courtesy: WLCC & Friends of the Hunley.
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Figure 3. Final wreck location$ After Conlin and Russell (2006)

One of the most critical findings made by WLCC has been the discovery of witparcopper sleeve indicatiregfixed spar torpedo
weapons systermntil this finding, most descriptions of the attaassumedhat Hunley utilized a lineoperateddetachablespar
torpedo systemvhereby the explosion was initiated from a distanoecontrast,a fixed systemconsisting ofan explosive charge
permanentlyaffixed to a spawould result inHunleybeingseparated from the explosive charge only by the length of the Fipia
would have generated far more severe loading environmdait Hunley and its crewthanthe detachablsystem. The largest spar
torpedo, Si n ghewn drsFigutieal,rcpnsisted , ofapproximately 135pounds of black powder and a spar length of
approximately 16 feetin lengthlong with adine-operatediuse.

Nl /S

Figure 4. Period drawing of Singerds Tor p(&ithore)i Notethe taxt att thegtop bfthe s i z «
drawing which reads fiUsed for blowing up the Housatonico.

The more severeffectsof the explosive loading oklunley makesthelocationofH u n | wrgckesen more puzzling as the two facts
put togetheindicate that the explosion was not immediately fataHtmley. However,it is clear thaHunleyremained nearbgr was
disabled in some fashioas it did not make significant progress return to shore To hdp bound the possible scenarios both a
bottomup naval architecture analysas\d a weapons effects analysis were perforifibd.naval architectural analyswhich consists

of two distinct portions, examines basic naval architectural aspects including weight, stability, and powering as wehtsacgos
drift and flooding scenarios through digital replica of the vesEleé weapons effects analysis examitles transient response of
Hunleyand its crew to the underwater explosion loads generated by the explosion usifigeliyhcomputational mechanics tools.
Performing these calculations required performing-dolle testing of relevant explosive chargasd the development of an
appropriate numerical model of the explosion process.

NAVAL ARCHITECTURE ANALYSIS

Given the amount of wuncertainty s uuprtechnicabanalygis washcemmissoned aldngside f
ongoing archeolgical investigation oHunleyd s  w iThe @&al of this approach was twofold. First, it was desired to see if the
current understanding of the vessel, based on limited historical records and interpretation of the artifacts found, stesteatisi

what would be plausible from a physiteased model. Second, a naval architecture model of the vessel could help answer what
scenario questions regarding the vesselds capabilities, anct
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Preparation of a Hydrostiics Model

Developing a estimate of the lines plans of the vessel was central to the ability to investigate the vessel as a submarine or se
submersible. After recoveryy/LCC performedaserand structured lighjeospatiabcars of both the exterioandmuch of the interior

of thevessel. Geometrical surface models were developed using this scan data which consisting of 3D pdihedegssel consists

of three main regions a bow and stern section connected with a largebwilly. The midbody is essetimlly a prismdic oval
manufactured by expandingdircular pressure vessel into an ovaiding an expansion strake the joint between the two semi
cylindricalhalves. The bow and stern region both taper down roughly linearly and symmetricaliettical stem and sternpost on
the vesselds centerline. A large casting is used tangtothe m t
mid-body. Internal floating ringframes were included in the design and appear to havepdressure fitAt the time of the laser scan,

the majority of the vessel was covered in concretion, a mixture of shells, marine growphoandts of corrosiothat forms on the
outside of submerged structur@he laser and structured light scan includileid concretion.Using leastsquares fitting between the
point clouds as well as engineerijuglgment an approximate molded line was determined along the length of the vessel.

The vessel is also heavily appended. Two hatch towers for crew accessit ofithe vessel, each is roughly cylindricBhese
doubled as command centers for the crew, with small portholes cut so that the vessel could see its surroundings wheAf offaced
the first hatch is a snorkel box, which hougethtable snorkelubes for exchanging air while submerged. Additionallyere is a box
keel comprised of both fixed and detachable ballast weights, forward divespkmd a propeller, rudder, and propeller shroud at the
stern.Finally, the lower part of the spar and iestte of the torpedo charge were added to the mdtdeldimension of each of these
items was either measured or in the case of damaged or incomplete aggsiotatedand added to the model.

While the vessel ds fairl ing, and comttobsystems veere investijated in detaildfor theavwseight amaly sigy
for hydrostatics the interior was simplified. The vesselfeatures two large ballast tanks in the bow and stern redjovess feaned

by a partial bulkhead at the forward aaf ends of the central crew compartment, and could be flooded with seailnt¢eestingly,

the vessel only used partial bulkheads with a gap between the bulkhead top and the hull for these baldsistafidas free
communication of air throughouhe vessel, but also raises the potential for ballast water to spill out of the tank if the tank is overfilled
or if the vessel is significantly disturbed. The two ballast tanks and their spill pointénaleidedin thehydrostaticanodel, as well

as he central crew compartmerithe final model was assembled in the Rhino3D surface modeling program, and then exported via th
Orca3D plug in tothe GHS hydrostatics package. Rendering of both the Rhino3D model and the GHS model are $Higuve 5n
andFigure6.

Lightship and Mission Weight Estimation

Estimating the lightship weight of the vessel, as well as the final mission weight of the vesselis critical to undegratamdie crew

could have operated the vessel. Ballast tank filing, spillage, and overall vessel stability are all related to theslightsbperating
weights. A bottorup weight estimating approach was taken, based arourtigit Navy Enhanced S Work Breakdown Structure
(ESWBS) <classification. The | argest component of t hetingvess
wrought iron hull plates in areas with minimal corrosion were used to estimate the aveladlethgkness of the vessel. At the time

this work was done, the vessel was only partiallycdacreted, which limited the number of measurement locations that could be
used. However, a reasonable estimate of 0.29 inches was obtained, contrasting vithdrepd design t hicknes:
of wrought iron also varied piede-piece, and average density of 481 fbifias used. Hatches, dive planes, and the external keel
ballast, all cast iron, were all included in the overall hull structures oate§ropulsion and outfitting weights were also considered
part of the permanent lightship of the vessel. These weights were among the most difficult to estimate. Some compdremts had
identified and preserved, for these exact weights were usedy Banponents had either deteriorated, or in case of the propulsion
gearing, remain covered in concretion in the hull of the vessel. Weights were estimated for such components. Propulgfitingnd o
represented 0.45 LT and 0.11 LT of weight respectively
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Figure5. Rhino3D modelof the vessel

Figure6. GHS model of the vessdlheestimatedperational draft is between the top of the hull andWwalf up the hatch towers.

It is not known ifthe designersc arri ed out any rudimentary displacement cal
arrived at through trial and error. If trial and error was used, the weight discussed above would represent the fosttban tite
vessel cou have been floated out to see where it satinthe watere at i ve Systembés Gener al Hy dr ¢
to investigate if the vessel would have been stable if floated at this point in construction. With a total displaceré2nfTottris

model shows thathe submarine would indeed float upright, with a slight stern trim and a noticeable 3.25 degree list to starboar
owing to the asymmetric propulsion arrangement. Upright transverse GM is 0.23 feet, which is certainly small but igatddt fired

the vesselwould remain upright if floated in this condition.

In addition to the permanent hull structure, the vessel was ballasted through the use of different size pig iron blotkkesall
blocks had been removed from the submarine dutfire archeological workJeaned, and weighed. The pig iron ballast blocks can be
divided into three major categories. The first category is several large ballast blocks that werdnptheedottom of both the
forward and after ballast tanks. Whileety were not permanently attached to the hull, it appears that these blocks were more or les
treated as stationary masses. Likewise, in the main crew compartment, different size pig iron blocks were laid at th€hlzottom
second category of ballast ket larger, heavier (>70 Ibf) blocks from this location. Owing to their weight, it is unlikely that they were
frequently moved. The third and final group of ballast blocks is the smaller blocks in the main compartment. Thesehlidbcds,
weighed les than 70 Ibf, could have been adjusted by the crew to bring the boat into balance when fully loaded. Altogether, all thr
typesof ballastrepresent 2.27 LT of additional weight.

The last weights to consider were the variable mission weighisssion weights comprise the blagkowdercharge and spar a
weight of 0.09LT with the charge, and 0.03LT after the charge was used were estimated for thisAdeigibhally, the crew weight

was estimaté based upon the remains recovered. Individual crew memta@gedfrom 131.0 Ibf to 171.5lbf, wh an allup crew
weight of 0.57LT. Using GHS, the vessel was further simulated. A-pige condition was investigated with the spar torpedo
attached and all large ballast blocks placed in the vessel. Thiterdua total displacement of 7.11 LT with an upright Gbf 0.45

Ft. Then, the loading of the crew and small ballast blocks was simulated, one crew member at a time. During this Eocess,
vessel ds GMT varies -3da tondibs,landgher ihcyeasésrtem®é2 ft when the ifiralrsmaller ballast blocks are
all placed on the bottom shéllim remains reasonable throughout.

Finally, GHS was used to iteratively flood the fore and aft ballast tanks to bring thd teettsefinal atack condition reported in the
historical literatureThe ballast tanks each have a useable volume of just over 31 cubiEilfiegt the forward ballast tank to 75% of

its capacity, and the aft ballast tank to 45% of its capacity bring the vesselverakeel condition with both hatches and the snorkel
box fully exposedand the upper crown of the hull just dihese filing levels leave some space between the fluid and the top of the
partial bulkhead, and also indicate that even with small errofseiwveight estimate, the vessel would be ba#ddé to the reported
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attack configurationln this position the GMTis 0.70ft. The longitudinal GM is also reduced noyailthis condition, down to 7.2ft
from values between 200ft in the previous load s&s. A table of theestimated weight componerits this deckawash condition is
presented inrable 1. For this calculation, the origin is the stern frame on the baseline, X is positive forward, Y is posstadtard,
andZ is positive upThis agrees very well with period accounts regarding the waterline.

Table1: Final WeightEstimate at Departure, Deck Awash. Origin is the stern frame on the baseline, X is positive forward, Y is
positive to starboard, Z is positive up

Group Title Weight X Y VA
(LT) (ft) (ft) (ft)

1 Hull Structure 5.06 20.04 ( 0.00 1.48

2 Propulsion Plant  0.45 11.20| 0.09 | 1.88
Outfitting

6 Systems 0.11 19.50| 0.12 1.77

7 Armament 0.09 52.82( 0.00 0.00
Loads,

F Deparure 3.92 20.95( -0.06 | 1.00
Total 9.63 20.30 | -0.02 | 1.29

Adding an additional 5% filing téhe forward and aft ballast tanks brings the waterline up onto the hatches and snorkel box. This
condition closely matches the description given by Wililam Alexanr (1902) of t he VveHowewl ths | o
description was published nearly 40 years after Wiliam Alexander had last been with the vessel, and he was not oristhfercrew |
the final missionIn this position, the GMT is similar at @ff but the GML is further decreased to 1.6ne feature of this reduced

GML is that the vesselis likely to trim2degrees by the stern when the charge explodes and is removed from the weight estimat
As the sparigged torpedo was a recent modifiom, it was never tested through explosion before the final mission, it is not clear if
the crew would be aware of this behavior.

The weightanalysis, while requiring some estimation for items that either decomposed or were notgatoxed, largelyeplicates
ourunderstanding of the vessel from historical sources. The vesselfloats upright, with positive stability, in all corsidaraslds.

While the vessel is certainly tender at the lightest and deepest drafts, an iterative approachitgzaldsefining the operation of

the vessel seems plausibléhe vessel could operate in the ssmbmerged mode described with reasonable ballast tank filings. Of
course, the vessel was originally designed to be fully submerged. While opesadisgtamarine was not investigated in this project,

it is clear that the vessbhhs adequate ballast capacity and stability to fully submerge. Indeed, this enters into the actual loss of ves:
as there is very little reserve buoyancy left in the ssariimergd mode. A net water inflow of only 50 gallom®uld overwhelm the
remaining reserve buoyancy available in the hatch covers and snorkel box This indicates that the vessel would be Vibfg smiscep
any sort of flooding, especially if the crew were umhg#o operate in a fully submerged mode.

Resistance anBropulsionModeling

A key limitation of Hunleyd s o p asrtlaetréliance on human power to propel the vessel. Given the distances involved, the
presence of a substantial tidal current, and giegtively low speed ahevessel, it is clear that propulsion concerns would have been
central to the operation of treubmarineWiliam Alexander, a former crew member, noted that the submarine could not always fight
the tide around Charleston (Alexamdé@902). At the time of analysis, most parts of the prigians systems had not beéurlly
cleaned of the concretiorso much of the following analysis must be regarded as preliminary and approximate. Historical record:
indicate that the vessel could abt a top speed of roughly3knots, though théasis for such estimates isclear. To try to
corroborate these estimates, a rough resistance and propulsion estimate was made for theTvesselves s el 6s r e
calculated as a submaringnoring wave dragassumingHunleywould have triedo flee the scene of the attack submerg@étk drag

in the attack position would likely be higher owing to the hatch towers projecting through the water, as well as wavesltagjrig

the approximate methodiven in Introduction to Naval ArchitecturéGilmer and Johnson, 1982), the drag of the vessel was
estimated as:
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Where the viscosity coefficient was taken as:
6 6 p ™ - o0 - @)

The coefficient of friction & ,.was taken from the 1957 ITTC frictidime (Lewis 1988)in this approximation assuming salt water, and
other values are given ifiable2. Again, this calculation must be viewed as approximate as the submarine is not perfectly cylindrical
Reynol ddéds numb e rdern aubrearinesy and the acthahvaluerobhull roughness given the wrought iron hull plates anc
rivets is not known.

Table 2: Resistance model assumptions

Symbol Description Value Used
L Submarine length 40 ft

D Submarine diamete 3.75 ft

S Wetted surface area | 612

S Append surface area | 140 f£

Cy Correlation allowance | 0.0001

The propeller was entirely covered in concretion at the time of the analysis, and all three blades have lost portiorssudaclei
through eithercorrosion or erosion Thus, blade profiles and exact blade contours were not available. Given this situation, the lase
scan data was used to estimate the intact propeller configuration, and a propeller model from the Wagebeamigs(L&vis 1988)

was used. This will most likely overstimate the propeller efficiency, given the roughly 100 years of propeller development between
the date of Hunleyd s ¢ o n sahdr thiecBBeiries.n The propeller diameter was estimated at 31.6 inches, with a P/Bf Q@6

and an expanded area ratio (EAR) of 0.29. Assuming wake factor and thrust factors equal to 0.1, it was possible tovegetdp ¢
both human propulsion power required, ah@ equivalent crankshaft RPM required to move the vessel throughatiee vithese
curves are given ifrigure7 and Figure8. In Figure7, a rough estimate of the available power per person usingupplgr arms was
added at 0.067 horsepoweer person As the exact cranking position of the crew remains unclear, this too must be regarded as al
estimate. This line was drawn for both all seven members cranking, and a five member cranking caseaankirthec@w members
would also have to attend to any bilge pumping or aft ballast tank adjustments required. Thus, if the vessel was diaeiageé or
configured, not all seven crew members would be able to crank
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Figure 7. Esimated propulsion power required
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Figure 8. Estimated crankshaft RPM at crew stations vs. speed

Figure 7 and Figure 8 are again surprisingly clesto the historical recordgiven the approximate nature of the analysi$e vessel
appears to have enough power to sprint slightly above 3 knots when fully submerged. However, such a speed requirdee rotating
crankshaft in excess of 90 RPM, which apgches the upper limit of human capability. It is unlikely that rotation rates in excess of
90 RPM could be sustained for a long period of time, however, the vessel can still move at spe2dsaaisbetween 360 RPM.

This speed range ties in witheé Alexander recollection that the vessel had to time the tidal currents carefully, as the vessel could nc
fight a large current for a long period of time (Alexander, 1902). Finally, it must be reiterated that this analysiexsaigpand
preliminary i when the propulsion systems is fully preserved, more accurate information on the gearing, propeller profile and pitc|
and internal crank arrangements are likely to surface that could allow a more precise estimate to be made.

WEAPON EFFECTS ANALYSIS

Weapons effects analysis éfunleyd s e n g a g eUS8 Housatenicitedquiresusing a high-fidelity computational mechanics
approach in order to capture the complex interactions of the underwater explosion (UNDEX) with both vidssedmnalysis
presented éreinwas performed using the DYSMAS software code. DYSMAS consists of an Eulerian inviscid@hyasiks code
developed by the US Navy, DYSMAS/FD, and a Lagrangian explicit dynamics Finite Element code developed by Lawrenc
Livermore National LaboratonyRaradyn.The two codes are coupled together utilizing a fully deformable boundary mesh on which
pressures and motions are exchanged between both domains thus accurately dépids8tgucture Interaction (FSBffects

In order to capture theesponse bHu n | ergwdathe UNDEXinducedstructural motionsseparate simulationssinga numerical
mo d e | of an automotive crash fAdummyo o rusingthe US/DYNA codedhegetais of T e ¢
the various aspects of this andsyas well as an overview of the results previded below.

Structural ModelingProcedure

A detailed Finite Element Model (FEM)f Hunley was developed frodaser and structured liglstcans This was accomplished by
taking transverse and longitudinal gkc of thescanpoint cloud data and smoothing thesition of point data in order to form regular
surfaces Smoothing was necessary due to the concratetinonsmoothnature of the hull. Direct thickness measurements of the hull
were made to provide plag thickness in the different regions of the hulland-stmctural mass was includédthe FEM to account

for the ballast blocks that were presentthat the totakeightmatched the bottomp weight estimate that was develop&de model

was meshed usg a mesh size of approximatedycm and casists 0f32,000shell and12,000solid elementsUSS Housatonigvas
modeledusing geometry provided by WLCC and developed from a sister sRifs8Housatonic Sincethe goal of the calculations

was to examinéiu n | eegpdrsseather to determine the damage development in the targetddhigatoni®é s st ruct ur e Ww
as rigid shellsA view of the FEM and scan dat@m which the FEM was prepared are shawfigure9.

Hu n | ergugh iron plating anttatchtower and end capon castings were modeled usisgparatelasticperfectly plastic material
models The yield stress was determined from period data collecteBelaydsleg(1879)and Kirkaldy (1862) It is readiy observed

that wrought iron of this period is quite strong (typical yield480ksi) and ductile (typical elongations-36%) although quality
control was very poor and poor distribution of slag could result in very weak or brittle material. The reeféerd to Bowman and
Piskorowski(2004)for a distillation of the data provided by these historical works along with more recent test data on historical iror
samples.
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Figure9. Cutaway vew of HL HunleyFEM (Top) andoverkid laser and structured ligetans (Bottom).

Fluid ModelingProcedure

Simulations utilized alarge fluid domainof approximately 230x230x95 feet(70X70x29 metefsto capture the zone in whicthe
UNDEX phenomena of pressure wave propagation epdbsiorgeneratecdubble phenomenaccur.The free surface and air above
the freesurface wasincluded to capture the full nature of the loading environment. In the zone wiherdoubble expands and
contracts the fluid gridsize was0.787 in 2 cm). Thegrid siz was gradecway from this region to ensure efficient computational
domain A Tillotson Equation of State (EOSJillotson, 1962) with a pressure cutoff to capture cavitativas used tanodel water
and a GammaLaw EOSto model air Black powder behawr was captured using a nddeal Jones Wilkins Lee (JWL) EOS for
which the details are provided beloBoundary conditions consisted afigid reflecting boundary condition on the bottom surfeze
capture pressuiwave reflectionof the sea bottom fully reflecting bottom condition was selected to provide a woaste scenario
for reflected pressure waves.

The computational domain for the fluid grid consisted of approxmately 350M fluid sieésl atl.6 inches 4.0 cm) in the refined

region of inteest The calculations were run in a parallel manner across 256 cores on an IBM Dataplex High Performance Comput
(HPC), Kilrain, located at Stennis Space Center and operated under the DoD High Performance Computer Modernization Prog
(HPCMP). The calcudtions took approximatels0 hours to run.

Black PowdeiOverview

As a propellant that does not detonbte ratheideflagratesor violently burns the explosivébehaviorof black powdediffers greatly

from typical detonableunderwateexplosives As opposd to detonation that occurs in a near instantaneous mateflagrations are
relatively slow.Althoughbulk quantities of confinethlack powdero explode andjeneratéigh-pressurageaction productsthe time
scale on whichthis occurs isan orderof magnitude slowerAdditionally, as a granular material that burns on an individual particle
surface areahie rate of production athe explosiveproducts ispressure and graisize dependentor furtherdetails about black
powderincluding data on the pressutependencen the rate of reactiqthe reader is reference to an extensive overview prepared by
Sasse (1985).

The UNDEXbehaviorof bulk quantities of black powdés minimally documented; the only work that provides pressure records of a
black powder UMEX event are those published by Hilliar (191%urthermore, no documentation of the explosively generated gas
bubble was located despite the criticality of this phenomenon in determining the effects of UNDEX on structural respons
Furthermore, Hiliarutilized large hexagonal grains and was limited in the ability to collect detailed pressure records. Therefore
testing of representative explosive charges was determined to be necessary.

Black PowdelUNDEXTestingand EOS Development

UNDEX testing of blak powder wasat the Underwater Test Facility (UTF) located at Aberdeen Test Center (ATC) in Aberdeen, MD
to examine its behavior as an underwater explosSerepresentativdull size explosive charges were prepanetiizing period rifle

grade (FFg)black powderas seen inFigure 10. Testing was performed using one of twest geometriesaA Demonst r at
configuration in which the charge axs was horizontal and at a depth matching that of the attack &&dbat depth
AChatrari zationd configurat i &B@Sfosnuindricalbmbdeling. Both PdCeandesheetmlomeinurn charge
casings were testedt was determined that the role of casenfinementwa s mi ni mal . Therefore, al l
conducted using PVC caselmstrumentation consisted afiarray of underwater pressure transducers to collect pressure retoeds
ACharacterizationo ¢ ardrica armay of ipessureatlarssaducers rfrem whithe to itiferbubble period
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Furthermorepiezo-electric transducers, or piepins, placed along the length of the charge casing, provided estimates -efdwen
velocities

Figure 10. Explosive test charge with piezo-pinsidentified.
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redactecdue to security concerns.

Figure 12 ume gener at e testhiymifickeimogn sHurmalteiyoinso att ack.

Figure 11 presentsa typical pressure record illustrating the initial compression wave the subsequent pressure disturbances
emanating from the pulsating gas bubbledifect comparison of pressure traces generatecetpyal weights offNT, a common
reference lyh explosiveandblack powdemat the sametandoff distancaeveals that thblack powdepressure tracexhibits a finite

rise time, lover peakpressure levetompared to TN but a muchlongerdecayHunl ey s torpedo would h
plume virtually identical to that shown ifrigure 12 The explosion did not result inutk cavitationwas the plume remainedtact

until approximately 150 ms due to this lack of ¢ation.

Numerical simulations captured the explosivetput of black powder utilizihg donesWikins-Lee (JWL) EOSwith programmed
burn and latg¢ime energy releas@he equation of state relating presspte densityr is given by:
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n 6p —Q  6p —Q 17Q (3

CHEETAH thermochemical calculation softwaeried and Souers, 1995Jeveloped by LLNLwas used to derive coefficients for
the JWL EOS.The movingflame front, captured using programmed burn, has a velocity taken directly frorppiedata collected
during the experimental efforlThe relatively slow energy deposition of the burning black powder grains was capturedausing
pressure dependerdte guation for the evolution of burned volume fraction

= sp Qg — )
Here, Q represents the fraction of explosive that is burned watoefficients A, m, andn are tuned to experimental dadad are

limited in applicability to the grain size testethe DYSMAS software manualNSWCIHEODTD, 2016) containfull details on the
implementation of this model.

Numerical simulations of both test configurationsveal that the model tuning is able to capture the relevant pressure wave
characteristics includinght slow rise time and long decay time as seedrignre 13. Furthermore, the bubble period is within 3% of
recorded test data. This indicates that both the rate and total energy delivery of the explosion are physically correct.

r 7.5 ft

DYSMAS

Presssure (psi)
Impulse (psi-ms)

Presssure (psi)
Impulse (psi-ms)

20 25

10_ 15
Time (ms)

Figure 13. Correlation of pressure and impulse of numerical simulations performed with black powder EOS and experimental dat
Note pressure levels are redactkok to security concerns.

Crew Modeling

Crew injury modeling was performedsing the Hybrid Il 50th Percentile Male (H358)TD. The H350 ATD is suitable for assessing
the probability of injury thatresults from accelerative loadiagsd r epresents a mal e Ivwas deteimmegd 17
by Hirsch(1963) that the lacerations, concussions, leg/knee and back strdmastures are the most common shipboard injuries
resulting from such motions and the H350 is capable of capturing the relevant back and leg injury modes asadlhpsy

occurring from head accelerations. The H350 is not able to capture laceratioieshe modeling procedure sufficiently refined to
capture head trauma resulting from causes otherthan global motions and impact with primary structure or the centrél cranksha
FortunatelytheH350 is a close surrogate fire average size and whigofHunleyd s  @g ewigdenced by the human remains
recovered from the vessel

Since an ATD FEM is noturrently available inDYSMAS, ATD simulationswere performed inthe LS-DYNA Finite Element code

a weltestablished tool for performinguch calculatons. Inputsto the ATD simulationsconsisted oftructural motionsextracted
directly from the fully-coupledDYSMAS simulations of the engagemer8evencrew members were includea the calculatiorand
resulted in a model size of 3.1M elements (430kelent s per ATD) . Calculations were run
hourstorunThe ATDG6s we runlgyasshotn irbigue®d. i n
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Figure 14. ATD positioning represemgH u n | eewpcsitaway view.
Results

Calculations ofHunleyd s e n g a g ¢lousatohicreweialthdt the torpedo wadevastatingand overmatching tblousatoniowhile
transmittingrelatively low levels of loadingo Hunley First, pressire waves emanating from the explosjmmopagate and reflect off
bothHousatonié s h u |l | -lotiothastséern cantewas of pressure showrFigurel5. Interestingly, due to the sitharesented
area of the bowHunley experiences pressure loading primarily from the botteffected wave rather than the first wave emanating
directly from the explosion. Both pressure waves are of relatively low seveoihsistent with the presusly discussed differences
between black powder and TNT when used in a weapon. These pressures woutdshidee in purely elastic deformatioof
Hu n | strycbuse

Later in time, @ expanding and contracting bubbleioitially high-pressureexplosive reation productsoccurs. The bubble reaches

its peak sizeat approximately Z0ms, subsequently @antracts and finally collapses into a higielocity bubble jet or water colunthat

is known to have devastating effects upon impRicfure 16 shows the overall expansiondietting process anBigure17shows a

detail of the jet immediately before impattunleyis seen to react to these loads by deformiegically in arigid-body pitching
fashionin which the bow of the vesselpaly rises while the stern remains almost stationary until later in time. The bow the of vessel
reaches a maxmum velocity 65 ft/s 9 m'gat 96 ms resulting in an average accele

USS Housatonic

\ HL Hunley

Torpedo

Pressure wave from
torpedo explosion

Time: 0.00ms Time: 2.25ms

Time: 8.02ms Time: 12.00 ms

Figure 15 Contours of pessure illustrating themanating pressure wave and bottom reflection wave from the explosion.

ATD simulations were utilized to study tlkeffect ofthese pitching andeaving motions on the crewrigure 18 illustrates the initial

position of the crew and the kinematic position at the point of maximum excuisisrobserved that the crew is thrust downward due

to thevertical motion of the submarirend that several of the crewmembers impact the central crahkdbeever, the imparted

motions are quite benign in nature and the relevant injury metrics do notindicate a probability of injury. This is daviisten
Hirshdés experimentally based observationt@Ol®&3X)urt lmat oar er0 1f
onset of injury for a seated crewmember. Work by WLCC has indicated that the explosion did not result in freshly broken bones
consistent with this finding. Therefore, accelerative injury to the crewmembers was muidtiate causedfunleyd s d eAmi s e .
present, the current modeling procedure is unable to predict hearing loss eindaised disorientation from the blast.
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t=237.5ms

t=467.5ms

Figure 16. Contours of densitin the fluid. Dark redregions indcate regions consisting of black powder explosion prodd¢tese
results indicate that thexplosivecharge produced a large bubble which then collapsed ihighavelocity jet against the
Ho u s a t hallh This @tavouldhave beeovermatching foHous a t o mull andresulted in a large hole leading to sinking

\

High Velocity
Bubble Jet

Figure 17. Close up view illustratinghebubble jetting effect. The bubble jet is a high velocity water column that imparts a severe
local loading onthe hull dSS Housatonic
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Figure18. Hull motions and effect on creWwhe crewmembeb heads are seen to pitch down from the vertical motimparted by
the explosion

LOSS SCENARIOS POST ATTACK

While the efforts described above addrdssstability and propulsion characteristicdHoinleyand the response of the submarine and

its crew in the first seconds after the attack, the mystery of what happened after remains. Numerous possible los fizoe hakdrs
proposed in the literaturd-or example, Wiliam Alexander (1902) proposed that the vedssmime stuck iHousatonc dwseckage
andwas unable to escapEowever, the location of the wreck makes it clear tHhaleywas clear oHousatonicwhen it finally sank.

One eyewitness oHousatonicnoted that a he had observed a light some 50 minutes after the attack. It has been suggested that t
was a signaHunleyhad planned to give to indicate it was returning.

A recent archeological discowenlso may have played a role in thedosf the vesselThe forward ballast tank fill ine appears to
have fractured at the connection to the [Siephenson 2016)This ballast line appears to have fractured at a bolted connection, with
the pipe slipping down until it hit one of the boltadus, exposing a crescesttaped region for flooding. An image of this connection

is shownin Figure 19. The role this fracture could have played in the loss of the submarine was selected for investigation in thi
project. However, this selection should not be interpreted as precluding other, uncela@mdpoundingloss scenarioRossible
damage to the submarine frasmall arms firea s we | | as the crewbés ability toeasonag
under consideration, and may have played a role in the final loss of the vAss#le following section will indicate, the role of the
ballast fill line is complex, and a does not provide a etedrexplanation for the loss of the submarine.

Flooding and Drifting Scenarios

As discussed previously, when ballasted down to the-selminerged attack positioHunleyhas very little reserve buoyangyonly

the hatch towers and snorkel box project above the upper crown of the hull. Calculationsdhthea somewhere between7D
gallons, or 43®%40 pounds of additional weight need to be added to the vessel for it to fuly submerge, depending on the final atta
waterline. Additionally,Hunley was located approximately 1000 feet from the attaek s@iven the close proximity of the vessel to

the explosion of the black powder charge, one possible scenario is that the ballast fill line fractured during the @&tpoksible

that the crew were disabled or disoriented by the explosion andhtatessel drifted to its final sinking location while slowly filing

with water. If the crew were not disabled, it is also certainly possible that they propelled the vesselto its sinkimg locat
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Figure 19. Fractured forwat ballast fill line at threhull connection, looking inboard.
Experimental Modeling of the Failed Connection

A key question is how faghe broken pipe flange wouldlow water into the submarineHandbook calculations and CFD analysis
indicated that thélooding rate would be high, but not out of the question to allow aaimdrift scenario to take place. Given the
complexty of the joint, as well as its small size (the thru | | o p e nin diageter), s wat degided to experimentally test the
fitting to approximate the flow rate. Additive manufacturing, € Brinting, was usedo make a replica of the damaged aoed of
ABS plastic The geometry of the curved outer surface of the hull of the suhenaras taken from the laser scan dara feld
measurementand photographs of the ballast fill ine were usedreate its position, wall thickness, and length. The fill line was
modelled up to the control valve just inboard of the hull surface. This valve was found in the closed @ositivas represented in
the model by simply closing the end of the fill pipe at the appropriate position. A mounting frame was then added acuwmedhe
hull surface and some additional material was added between the pipe and the hull surface ééauttine to increase the strength
of the model Figure 20 andFigure 21 show a rendering of thmodeland a photo of thexperimental setup, respectively

BExperimentsusing the ballast pipe connection replica were conducted by placing the connection in a-peagsblae water chamber
and measuring the rate of discharge via the cresstemped opening. These results are showfignre22 The break in the data
points near 20 inches of external water depth was a result of switching from pure hydrostatic head to a combinationtatichydros
head and applied air pressure to simulate deeper depths owing to the geometry of the available peasbeareite external water
depth of the ballast fill line in the decks awash s@mrofowingt i o
in at a rate of 223 gallons per minute and would be flowing faster than 30 gallonsnperte when the submarine become fully
submerged. Assuming all hatches and the snorkel box were closed, there woulilifithijpof internal air pressure as the vessel
flboded. However, as the volume of the water required to sink the vessel (75 galemglicompared to the volume of air in the
hull, this term was neglected for the simulation. The flowrate indicates that the submarine would have a maxmum ofutege min
before fully submerging from its sesubmersed state barring corrective effadsstem the flow of water. These experimental flow
rates fell between the CFD (slightly lower flooding rate) and handbook estimated (slightly higher flooding rates) values.

Figure 20. 3-D printed fracture ballast fill line
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